The nitrodiphenyl ether herbicide 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitroacetophenone oxime-O-(acetic acid, methyl ester) (DPEI) induced an abnormal accumulation of protoporphyrin IX in darkness in the green alga Chiamydomonas reinhardtii, as determined by high-performance liquid chromatography and spectrofluorimetry. It also inhibited the increase in cell density of the alga in light-grown cultures with an 150 (concentration required to decrease cell density increase to 50% of the noninhibited control value) of 0.16 Mm. The relative ability of four peroxidizing diphenyl ether herbicides to cause tetrapyrrole accumulation in C. reinhardtii correlated qualitatively with their ability to inhibit the increase in cell density in light-grown cultures. The purified S(-) enantiomer of the optically active phthalide DPE 5-[2-chloro-4-(trifluoromethyl)phenoxyJ-3-methylphthalide (DPEIII), which has greater herbicidal activity than the R(+) isomer, induces a 4-to 5-fold greater tetrapyrrole accumulation than the R(+) isomer. The 150 for inhibition of increase in cell density in light-grown cultures of C. reinhardtii by the S(-) isomer (0.019 uM) is less than 25% of that for the R(+) isomer. DPEIII 
. Similar effects have been demonstrated in the green algae Scenedesmus obliquus (2, 15) and Chlamydomonas eugametos (6, 7) . The primary mode of action of these herbicides, however, remained unclear for many years. Matringe and Scalla (23) proposed that the phytotoxicity of DPE herbicides is due to their ability to induce abnormal accumulation of photosensitizing tetrapyrroles, specifically protoporphyrin IX. This pigment is known to sensitize lightdependent singlet oxygen generation and is thus capable of initiating the peroxidizing activity associated with DPE toxicity (26) . DPE-induced tetrapyrrole accumulation has been demonstrated in a number of higher plants (19, 23, 31) and in the green algae S. obliquus (2) and Bumilleriopsis filiformis (27) .
Lydon and Duke (19) and Witkowski and Halling (31) suggested that the primary site of action of these herbicides is magnesium chelatase, the enzyme responsible for the insertion of Mg2" into the tetrapyrrole ring during Chl synthesis. More recently, Matringe et al. (21, 22) and Witkowski and Halling (32) showed that certain peroxidizing herbicides, including DPEs, inhibit protoporphyrinogen oxidase, but not magnesium chelatase, in chloroplasts and etioplasts (10, 11) . These compounds appear to bind to the same or closely overlapping sites on protoporphyrinogen oxidase, in competition with the substrate, protoporphyrinogen IX (29) . Protoporphyrin IX accumulation is thought to result from stimulation of synthesis of the porphyrin precursor, 5-aminolevulinic acid (13, 20) , and herbicide-insensitive oxidation of protoporphyrinogen IX in nonplastid cell compartments, which sequester the resulting protoporphyrin IX away from the magnesium and iron chelatases (18) .
There (25) . After a 24-h incubation, the cells were collected by centrifugation at 3000g and resuspended in 10 mL of acetone:0.1 M NH40H (9:1, v/ v). After 30 min on ice in darkness, the suspensions were centrifuged at 39,000g for 10 min, the supematant fractions were washed twice with hexane in a 1:1 ratio by volume, and the washed supernatant fluids were made up to 5 mL with acetone:0.1 M NH40H.
For routine assay of tetrapyrrole content, fluorescence emission spectra were recorded using a Perkin-Elmer fluorescence spectrometer with an excitation wavelength of 398 nm. When our instrument was used, protoporphyrin IX had an emission maximum at 628 nm. The magnitude of the 628 nm emission band in the C reinhardtii extracts was related to a standard curve prepared using known concentrations of protoporphyrin IX. To prepare samples for HPLC, the acetone:NH40H extracts (5 mL) were mixed with 1:17 volume saturated NaCl and 1:16 volume 0.25 M maleic acid, and the pH was adjusted to 6.8 with concentrated Na2HPO4 solution. The tetrapyrroles were then extracted into peroxide-free ether. The ether extract was washed three times with water and concentrated to 1 mL under a stream of N2.
HPLC Analysis of Tetrapyrroles
The ether extracts were analyzed by ion-pair HPLC (8) on a Spherisorb S5 ODS2-EXL C18 reverse phase column (250 x 4.6 mm, i.d.) coupled to a Waters 600E HPLC system. The ether extract (5 ,L) was injected onto the column. Tetrapyrroles were eluted using 70% methanol:30% 5 mm PIC A reagent, which was changed to 70% methanol:30% H20 after 3 min. PIC A reagent (tetrabutylammonium hydrogen sulfate) enables acids normally separated by ion exchange chromatography to be resolved using reverse phase chromatography. The flow rate was 0.75 mL/min at room temperature (approximately 200C). Tetrapyrroles were detected with a photodiode array detector (Waters Associates model 990). For further identification, peak fractions were collected and fluorescence emission spectra measured using a Perkin-Elmer fluorescence spectrometer with an excitation wavelength of 398 nm.
Growth Inhibition in C. reinhardtii Five-day-old cultures were harvested and the cells resuspended in fresh TAP medium to a density of 106 cells mL-1. Aliquots (5 mL) were transferred to 10-mL conical flasks and appropriate additions of herbicide (0.01-10 $M final concentration) made. The cells were incubated for 24 h in the dark on an orbital shaker at 250C followed by 24-h incubation at a light intensity of 200 Wm-2. The cell density in each culture after this treatment was determined using a hemocytometer, with appropriate dilution of the suspension before counting. 150 values were determined using cultures treated with 0.1% (v/v) DMSO as the control. The results presented are based on the means of five incubations at each herbicide concentration.
Growth of Peas
Pea (Pisum sativum, var Feltham First) seeds were rinsed for 15 min in a solution of 10% Milton's sterilizing fluid, sown in autoclaved soil, and left to germinate in complete darkness at 220C.
Preparation of Pea Etioplasts
Seven-day-old etiolated pea seedlings (10 g fresh weight) were chopped with a razor blade in 20 mL of 0.3 M sucrose, 25 mm Hepes/NaOH (pH 7.6), 1 mm EDTA, and 0.1 mm DTT for 10 to 15 min at 40C and filtered through eight layers of muslin. After centrifugation at 10,000g for 15 min, the crude organelle pellet was carefully resuspended in 5 mL of a solution consisting of 0.3 M sucrose, 25 mm Hepes/NaOH (pH 7.6), 1 mm EDTA, 0.1 mm DTT with a small paintbrush.
Measurement of Protoporphyrinogen IX Oxidase Activity
Protoporphyrinogen IX oxidase activity was determined spectrofluorimetrically at 300C, essentially as described by Labbe et al. (17) , by measuring the rate of formation of protoporphyrin IX from chemically reduced protoporphyrinogen IX (12) . Protoporphyrinogen IX was stored under paraffin at -700C and used within 2 to 4 weeks. It was checked for the absence of fluorescence emission before use. The assays were done using a Perkin-Elmer MPF 44B spectrofluorimeter, and the excitation and emissions wavelengths were 410 and 632 nm, respectively. The reaction was carried out in a total volume of 3 mL and contained 100 mm potassium phosphate (pH 7.6) saturated with air, 1 mm EDTA, 6 mM DTT, 2 
Protein Estimations
These were carried out by the Bradford method using the Bio-Rad kit and BSA (Sigma) as the protein standard.
RESULTS AND DISCUSSION
Incubation of C reinhardtii cells in the dark with the nitro DPE herbicide DPEI resulted in the accumulation of tetrapyrrole compounds during a period of at least 30 h (data not shown). Figure 1 shows the HPLC profiles of extracts of treated (A) and untreated (B) cells after a 24-h incubation. It can be seen that addition of the herbicide induced abnormal accumulation of at least four components. The major pigment, with a retention time of 23.7 min under these conditions, was identified as protoporphyrin IX by comparison of its retention time, absorption, and fluorescence spectra with standard protoporphyrin IX (Fig. 1 , A and C; other data not shown). When the DPEI-treated extract and standard protoporphyrin IX samples were cochromatographed, the major peak was enhanced, although it ran at a slightly different retention time. Slight variations in retention time were generally observed with this solvent system. Our results are in agreement with the findings of Witkowski and Halling (31) , who demonstrated that protoporphyrin IX was the major tetrapyrrole accumulated when cucumber cotyledons incubated with 5-aminolevulinic acid were treated in the dark with acifluorfen-methyl.
A dose-response curve for DPEI-induced tetrapyrrole accumulation during 24 h in the dark is shown in Figure 2 Table I . The ability to inhibit growth correlates qualitatively with the ability to induce tetrapyrrole accumulation, suggesting that the two effects are linked.
To examine this possibility further, we tested the relative abilities of the purified S(-) and R(+) enantiomers of the phthalide DPEIII to inhibit growth of C reinhardtii and their ability to induce tetrapyrrole formation in darkness. Both parameters indicate that the S(-) isomer is 4.4-fold more potent than the R(+) isomer (Table I, Fig. 3) , consistent with the differential herbicidal effects of the two enantiomers on intact plants (3) . HPLC analysis of extracts of cells treated with the isomers confirmed that the major species showing enhanced accumulation upon treatment with the S(-) isomer was protoporphyrin IX (data not shown). These results suggest that growth inhibition and tetrapyrrole accumulation result from DPEIII binding to the same binding site showing chiral discrimination. They cannot, however, distinguish between chiral discrimination at the active site of an enzyme, which differentially metabolizes DPEIII to an inactive form, and discrimination at the site where DPEIII exerts its primary herbicidal action. Protopor- phyrinogen IX oxidase has been implicated as the primary herbicide target for peroxidizing DPE herbicides (21, 22, 29, 32) , possibly arising through the DPE mimicking two of the pyrroles of the protoporphyrinogen macrocycle at the active site. We tested the effect of the enantiomers of DPEIII on protoporphyrinogen IX oxidase activity in a crude etioplast preparation from P. sativum. Such an assay system could be expected to preclude significant herbicide metabolism with a reasonable degree of certainty. The results of this experiment are shown graphically in Figure 4 . The S(-) isomer is clearly a more potent inhibitor than the R(+) isomer, with the racemic mixture showing an intermediate potency.
The concentration of the S(-) isomer of DPEIII required to inhibit protoporphyrinogen oxidation in the P. sativum etioplast lysate assay system by 50% (approximately 0.01 uM; Table I ) is approximately half of that required to inhibit the cell density increase in C reinhardtii by 50%. In the etioplast assay, chiral discrimination between the S(-) and R(+) isomers is considerably greater than for growth inhibition and tetrapyrrole accumulation in C. reinhardtii cells (Table I ). The data in Figure 4 suggest that approximately 60% of the protoporphyrinogen IX oxidase activity in the crude P. sativum etioplast preparation is highly sensitive to inhibition by the S(-) isomer of DPEIII, and the remaining activity is much less sensitive. This suggests that in the crude P. sativum etioplast preparation there are two different catalytic sites with at least one site showing a high level of chiral discrimination in binding the enantiomers of DPEIII.
Our demonstration that the differential effects of the enan- tiomers of DPEIII on protoporphyrinogen oxidase activity in a cell-free system can be correlated with their differential effects on tetrapyrrole accumulation in intact cells of C. reinhardtii provides strong supporting evidence for the link between inhibition of protoporphyrinogen IX oxidase activity and protoporphyrin IX accumulation. Our results also show that the relative abilities of the DPEs and enantiomers of DPEIII to inhibit growth in illuminated C reinhardtii cultures can be correlated with their abilities to induce tetrapyrrole accumulation in these cells in darkness. Such a correlation would result either from DPE inhibition of Chl (and/or heme) biosynthesis having a direct effect on growth and cell division or from a more indirect effect on tetrapyrrole accumulation leading to differential photosensitization of singlet oxygen formation and oxidative damage. In studies of various higher plant species, Sherman et al. (28) observed a correlation between the extent of DPE-induced tetrapyrrole accumulation in darkness and subsequent electrolyte leakage and Chl photobleaching after exposure to light, consistent with the latter explanation.
